A simple procedure for the collection of vapor phase (VP) of mainstream cigarette smoke for analysis has been developed. This procedure consists of collecting the VP on a commercial charcoal trap (ORBO™-32) followed by dissolution in acetone. The acetone extract can be analyzed by a gas chromatography/mass spectrometry (GC/MS) technique. A qualitative analysis of the collected VP has been performed for 3R4F Kentucky reference cigarette, allowing the identification of 138 compounds, some compounds being present in both VP and in particulate phase (PP) of cigarette smoke. A quantitative analysis method for acrylonitrile and α-methacrylonitrile (2-methyl-2-propenenitrile) was also developed, and the level of these compounds in 15 different cigarette brands was measured. Acrylonitrile quantitation was selected since this compound in smoke poses significant health related issues. "-Methacrylonitrile quantitation was selected due to the similar structure of this compound with acrylonitrile. The analyzed cigarettes were several Kentucky reference cigarettes including 1R5F, 2R4F, 3R4F, 2R1F, and 1R3F, several King Size (KS) commercial cigarettes from the US market including Basic Non Filter (NF), Basic Ultra Lights (UL), Newport, Marlboro (Red), Marlboro Menthol, Camel Filter, Camel Lights, Camel Ultra Lights, and two herbal cigarettes, Ecstasy and Dreams. The results for acrylonitrile were in very good agreement with data reported in the literature for 2R4F and 1R5F cigarettes. The levels of α-methacrylonitrile were not previously reported. The correlation between the levels of acrylonitrile and of α-methacrylonitrile with the (wet) total particulate matter (TPM) was evaluated. Although the levels of acrylonitrile and of α-methacrylonitrile in mainstream smoke depend on the TPM values, the correlation is not very strong, indicating that the nature of the cigarette blend and possible other factors in cigarette construction also influence their levels in smoke. The collection method used in this study allows the subsequent dissolution of VP in a much smaller volume of solvent compared to other methods that use impingers, allows the use of standard GC/MS autosamplers for liquid injection and simple addition of internal standards compared to the methods that use gas bags, and allows a simple and immediate collection of VP as it leaves the Cambridge filter pad. These characteristics represent significant advantages versus other methods commonly used for VP analysis. [Beitr. Tabakforsch. Int. 24 (2010) 145-156] 
SUMMARY
A simple procedure for the collection of vapor phase (VP) of mainstream cigarette smoke for analysis has been developed. This procedure consists of collecting the VP on a commercial charcoal trap (ORBO™-32) followed by dissolution in acetone. The acetone extract can be analyzed by a gas chromatography/mass spectrometry (GC/MS) technique. A qualitative analysis of the collected VP has been performed for 3R4F Kentucky reference cigarette, allowing the identification of 138 compounds, some compounds being present in both VP and in particulate phase (PP) of cigarette smoke. A quantitative analysis method for acrylonitrile and α-methacrylonitrile (2-methyl-2-propenenitrile) was also developed, and the level of these compounds in 15 different cigarette brands was measured. Acrylonitrile quantitation was selected since this compound in smoke poses significant health related issues. "-Methacrylonitrile quantitation was selected due to the similar structure of this compound with acrylonitrile. The analyzed cigarettes were several Kentucky reference cigarettes including 1R5F, 2R4F, 3R4F, 2R1F, and 1R3F, several King Size (KS) commercial cigarettes from the US market including Basic Non Filter (NF), Basic Ultra Lights (UL), Newport, Marlboro (Red), Marlboro Menthol, Camel Filter, Camel Lights, Camel Ultra Lights, and two herbal cigarettes, Ecstasy and Dreams. The results for acrylonitrile were in very good agreement with data reported in the literature for 2R4F and 1R5F cigarettes. The levels of α-methacrylonitrile were not previously reported. The correlation between the levels of acrylonitrile and of α-methacrylonitrile with the (wet) total particulate matter (TPM) was evaluated. Although the levels of acrylonitrile and of α-methacrylonitrile in mainstream smoke depend on the TPM values, the correlation is not very strong, indicating that the nature of the cigarette blend and possible other factors in cigarette construction also influence their levels in smoke. The collection method used in this study allows the subsequent dissolution of VP in a much smaller volume of solvent compared to other methods that use impingers, allows the use of standard GC/MS autosamplers for liquid injection and simple addition of internal standards compared to the methods that use gas bags, and allows a simple and immediate collection of VP as it leaves the Cambridge filter pad. These characteristics represent significant advantages versus other methods commonly used for VP analysis. [Beitr. Tabakforsch. Int. 24 (2010) 
INTRODUCTION
Vapor phase (VP) of mainstream cigarette smoke is a complex mixture of gases and volatile liquids that are not retained when the smoke passes a Cambridge pad. Analysis of VP of cigarette smoke is an important subject since a number of toxicants such as HCN, acetaldehyde, ethylene oxide, and acrylonitrile are VP constituents. Most techniques for the analysis of VP of cigarette smoke depend on the collection in impingers with a solvent (typically also cooled; 1-5) or in a Tedlar gas bag (6, 7) . Other analytical techniques for VP analysis involve cryogenic trapping (with no solvent), trapping on Tenax ® (8) , direct transfer of VP smoke to an analytical instrument (9) (10) (11) (12) or even solid phase microextraction (13) . Further separation and identification is typically done using GC or GC/MS analysis. Each collection procedure has advantages and disadvantages, related to a number of parameters such as collection efficiency, pressure drop through the impinger(s) when they are installed between the cigarette and the pneumatic panel of the smoking machine, stability of VP smoke components in the gas phase, adsorption on the wall of the Tedlar bag (in case of this type of collection), ease of addition of an internal standard to the sample, degassing in the GC syringe (in case of solvent collection), etc. An alternative procedure for the collection of the VP of cigarette smoke can utilize a charcoal trap (14, 15) , which allows the quantitative collection of a large number of volatile compounds (16) , and has considerable advantages over other collection techniques, as further described. Qualitative analysis of the charcoal trap extract leads to the identification of a considerable number of other components of the VP, with potential for their quantitation. The application of a charcoal trap for sample collection for quantitative purposes is described in this study only for the analysis of acrylonitrile and α-methacrylonitrile. Acrylonitrile quantitation was selected since this compound in smoke poses significant health related issues. An IARC working group classified acrylonitrile as possibly carcinogenic to humans (Group 2B) based on sufficient evidence in experimental animals (17) (18) (19) , while the US-EPA classified acrylonitrile as probable human carcinogen based on limited evidence of carcinogenicity in humans (17) . For these reasons, the compound is considered a highly undesirable toxicant in smoke (20) . On the other hand, α-methacrylonitrile is not considered a carcinogen, although it is a known toxicant (21) . α-Methacrylonitrile quantitation was selected due to the similar structure of this compound with acrylonitrile.
EXPERIMENTAL

Sampling using a charcoal trap
For each sample, three cigarettes were smoked using a Borgwaldt rotary machine RM20/CSR (Borgwaldt, 22525 Hamburg, Germany). The particulate phase (PP) of mainstream cigarette smoke was collected on one 92 mm Cambridge pad. The pad holder was connected to a charcoal trap for the collection of components from the VP, and further to the pneumatic panel of the smoking machine. The trap was an ORBO™-32 Small trap (Supelco, Bellefonte, PA 16823-0048 USA) containing charcoal in two sections indicated as A and B. Section A of the tube contains 100 mg adsorbent charcoal and is designed to retain the analytes. Section B of the tube contains an additional 50 mg adsorbent charcoal and it is used as backup in case of breakthrough of the analyte. Smoking was done for all samples using 35 mL puff volume, 2 sec puff duration and 60 sec puff interval (indicated as 35/2/60), similar to Federal Trade Comission (FTC) smoking recommendations for a linear machine (22) and using the measurement of the exhaust flow of the Borgwaldt smoking machine between 4.17 and 4.36 m/s. Three of the cigarette brands were smoked in more intensive conditions using 60 mL puff volume, with a puff duration of 2 sec each puff taken at 30 sec interval (indicated as 60/2/30 conditions). The cigarette vent was not blocked in the experiments. After the cigarettes were smoked, one clearing puff was taken. For each sample, the charcoal from section A of the ORBO™-32 trap was transferred into a 1.5 mL GC vial (Agilent, Wilmington, DE 19808, USA), and 1 mL acetone containing 20 µg/mL 2 H 3 -acrylonitrile was added. The 2 H 3 -acrylonitrile was obtained from CDN Isotopes (PointeClaire, Quebec, H9R 1H1, Canada) and the acrylonitrile (further used for calibration) was obtained from Sigma/Aldrich (St.Louis, MO, 63168, USA). For several samples, the charcoal from section B of the trap was processed similarly. The acetone dissolved immediately the compounds adsorbed in the charcoal. The solution from the vials containing the VP components (without separating the extracted charcoal) was further analyzed by a GC/MS procedure. The charcoal trap collection procedure is very simple. The ORBO™-32 trap can be connected immediately after the Cambridge pad holder and before the pneumatic panel of the smoking machine, avoiding further aging of the VP of cigarette smoke in gas phase. The pressure drop across the ORBO™-32 trap is very low, with an average for three measurements of 460 mm H 2 O (4.51 kPa). The use of a solvent for the dissolution of the compounds retained in the trap, allows the addition of internal standards at the desired concentration. However, the volume of the solvent used for the dissolution can be as low as 0.5 mL (in this study 1.0 mL solvent was used). This low volume of solvent is much smaller than the volume of solvent typically needed for collection in impingers, such that a more concentrated solution of VP constituents can be obtained compared to impinger collection technique. The use of a liquid injection (as opposed to a gas phase injection) allows the use of standard GC/MS equipment with an autosampler. The procedure does not require special thermal desorption equipment as in the case of adsorption on Tenax ® .
Sample analysis
The analysis was performed on a 6890/5973 GC/MS system (Agilent, Wilmington, DE 19808, USA). The separation was performed on a DB-1701 column 60 m, 0.25 mm internal diameter, and 1 µm film thickness (J&W Scientific from Agilent). The liner used for the injection port of the instrument was single tapered with deactivated glass wool. The operating parameters for the GC/MS instrument are given in Table 1 . A typical chromatogram for a 3R4F cigarette smoked under 35/2/60 regimen is shown in Figure 1 The identification of the peaks in the chromatograms was performed using the data processing capability of the mass spectrometer, and mass spectral libraries Wiley7n and NIST02. Also AMDIS_32 (Version 2.1) program with NIST2 mass spectral library were utilized for the identification of compounds in some coeluting peaks. Except for 2 H 3 -acrylonitrile, acrylonitrile, and α-methacrylonitrile, no other peak in the chromatogram was identified using standards.
Acrylonitrile and α-methacrylonitrile quantitation
The quantitation of acrylonitrile was performed utilizing the ratio of peak area of the ion m/z = 53 of the analyte vs. that of the ion m/z = 56 of the internal standard (extracted ions) using the following formula: [1] Where C indicates the concentration (of the sample or of the standard), the concentration of the internal standard being 20 µg/mL. F is a response factor for the ratio nondeuterated/deuterated acrylonitrile. This factor was determined by generating calibration curves (compound level) vs. (measured area counts) in the range 0.5 µg/mL to 40 µg/mL of standard solutions for both acrylonitrile and 2 H 3 -acrylonitrile using five concentration levels and triplicate injections. The dependence equation concentration vs. area for acrylonitrile was: [2] and the dependence equation for 2 H 3 -acrylonitrile was:
The slopes ratio of expressions [2] and [3] gave the response factor nondeuterated/deuterated acrylonitrile, with F = 1.0843. The calibration curve for α-methacrylonitrile was obtained in the range 0.25 µg/mL to 5 µg/mL using four different levels. The quantitation was done using the ion m/z = 67. The dependence equation for α-methacrylonitrile was:
The quantitation for α-methacrylonitrile was done using formula [1] also taking as an internal standard 2 H 3 -acrylonitrile, and a response factor F = 1.6399. The response factor (nondeuterated α-methacrylonitrile)/ (deuterated acrylonitrile) is not very close to 1.0, the two compounds having structural differences besides the replacement of hydrogen with deuterium atoms. 
Validation of acrylonitrile quantitation method
The method for acrylonitrile analysis was validated for several requirements. The selectivity for the analysis was very good for acrylonitrile, the peak eluting with no interference, although the separation of the extracted ion m/z = 53 for the acrylonitrile peak and for 3-methylfuran was not at the baseline (see Figure 1) . The peaks were nevertheless separated enough to not affect the peak area integration by the data processing software of the mass spectrometer. The relative standard deviation of acrylonitrile measurements for a number of 18 samples analyzed in triplicate varied between 0.77% and 4% indicating very good precision of the measurement. Repeatability for acrylonitrile analysis could not be evaluated in different matrices since only analysis of smoke was performed. However, the results obtained on 3R4F cigarette by five replicate measurements within a three week period showed a relative standard deviation (RSD%) of 3.15%. Figure 2 the results from the present study are within the range reported by many other laboratories. Also, the results are in good agreement with other reported levels of acrylonitrile in 2R4F cigarette (24) . The linearity of the acrylonitrile measurement was verified in the range 0.5 µg/mL to 40 µg/mL, with the trendline showing a R 2 = 0.99883 (see relation [2] ). This proves a very good linearity within the specified range. For the determination of the limit of detection, a standard containing 0.1 µg/mL acrylonitrile was analyzed five times. The results generated a standard deviation SD = 0.00462 mg/mL. This result would lead to an estimated LOD = 0.014 µg/mL and an estimated LOQ = 0.046 µg/mL for the method. The recovery of the acrylonitrile analysis in VP of cigarette smoke using charcoal trap collection is dependent on two criteria. The first is the retention efficiency of VP in the ORBO™-32 trap. For the proof of complete retention of VP components in Section A of the ORBO™-32 trap, three 3R4F cigarettes were smoked using 60/2/30 regimen. After smoking, the analysis of the active charcoal from Section B of the trap was performed in identical conditions as for Section A. The analysis indicated no acrylonitrile present, as well as no other compounds from the VP. The second criteria is related to the completeness of the extraction in acetone of the acrylonitrile from the charcoal. The complete extraction was verified by repeated extraction with three portions of 1 mL acetone of the same charcoal from Section A of a trap where VP smoke from three 3R4F cigarettes was collected. The solutions were mixed and analyzed. Taking into account the three fold dilution, the difference between single extraction and three repeated extractions (duplicate samples) was within 5% RSD. The maximum retention capacity of the ORBO™-32 trap was not measured, and the completion of the VP retention in extreme conditions such as for a 15 mg 'tar' cigarette smoked under intense regimen was also not verified, since such conditions were not applicable for the cigarettes evaluated in the present study. However, the loading capacity for acetaldehyde is at least 40-50 µg for 1 mg charcoal (in the presence of other vapor phase components). This indicated that the ORBO™-32 small trap can retain without losses the vapor phase smoke from three cigarettes. The retention of VP from ten 3R4F cigarettes smoked under 60/2/30 regimen was verified on a ORBO™-32 Large trap (400 mg charcoal in Section A). The charcoal from Section B or the Large trap did not contain any VP components. The charcoal from Section A was transferred into a 4 mL vial and extracted with 3 mL acetone. The results of acrylonitrile quantitation (duplicate samples) were close to the standard procedure for three cigarettes, with less than 10% deviation. A full validation of the collection of VP smoke in an ORBO™-32 Large trap was beyond the scope of the present study. Besides the calibration and verification of linearity in the range 0.25 µg/mL to 5 µg/mL no other validation steps for the α-methacrylonitrile quantitation were performed.
RESULTS AND DISCUSSION
A qualitative analysis of the VP components was performed for 3R4F cigarette. A full list of compounds identified by MS library search is given in Appendix 1. This Appendix also indicates the relative content of a specific compound in vapor phase. This content was calculated exclusively based on the area counts of the peaks in the chromatogram, and cannot be considered quantitative. It gives only an estimate of the peak intensities corresponding to each listed compound. Also, the complexity of the VP of cigarette smoke is considerably higher than indicated by the list of identified compounds. Numerous compounds present at low levels were not considered for identification, although their spectra were frequently very well defined.
Some of the compounds present in VP of cigarette smoke are also found in PP. Table 2 gives a list of selected compounds analyzed in both VP and PP of 3R4F cigarette, and the estimated proportion of each compound present in PP. The calculation was done using the ratios of the peak areas of each individual compound in the chromatogram for the VP and for the PP, the chromatograms being generated using identical conditions as described in Table 1 . Many compounds from mainstream cigarette smoke are not included in the list since their detection either in VP or in PP was not feasible. When a compound is below the detection limit for the analytical measurement, the calculation of the true contribution to PP or VP cannot be determined. As seen from Table 2 , analysis of some compounds can be done exclusively in VP (or exclusively in PP) since more than 99% of that compound is present in only one phase, but many compounds are present in both VP and PP.
Further quantitative analysis was performed for acrylonitrile and α-methacrylonitrile. These compounds were not detected in the PP of mainstream cigarette smoke. The analysis was performed on several Kentucky reference cigarettes including 1R5F, 2R4F, 3R4F, 2R1F, and 1R3F, several King Size (KS) commercial cigarettes from the US market including Basic Non Filter (NF), Basic Ultra Lights (UL), Newport, Marlboro (Red), Marlboro Menthol, Camel Filter, Camel Lights, Camel Ultra Lights, and two herbal cigarettes, Ecstasy and Dreams. The results were obtained from triplicate sample analyses and are given in Table 3 .
The levels of acrylonitrile and α-methacrylonitrile were further compared to the level of total particulate matter (TPM) from the analyzed cigarettes. Figure 3 show the dependence of the levels of acrylonitrile on TPM and Figure 4 shows the dependence for α-methacrylonitrile.
Although both acrylonitrile and α-methacrylonitrile levels in smoke depend on the TPM of the cigarette, the correlation is not very strong, indicating that the nature of the cigarette blend and possible other factors in cigarette construction also influence the levels of these compounds in smoke. 
CONCLUSIONS
A simple procedure for the collection of VP of mainstream cigarette smoke for analysis has been evaluated. This procedure consists of collecting the VP on a commercial charcoal trap (ORBO™-32) followed by dissolution in acetone and GC/MS analysis. The ORBO™-32 trap can be connected immediately after the Cambridge pad holder and before the pneumatic panel of the smoking machine, avoiding further aging of the VP of cigarette smoke in gas phase. The pressure drop across the ORBO™-32 trap is very low. The use of a solvent for the dissolution of the compounds retained in the trap, allows the addition of internal standards at the desired concentration. However, the volume of the solvent used for the dissolution can be as low as 0.5 mL (in this study 1.0 mL solvent was used). This low volume of solvent is much smaller than the volume of solvent typically needed for collection in impingers, such that a more concentrated solution of VP constituents can be obtained compared to impinger collection. The use of a liquid injection (as opposed to a gas phase injection) allows the use of standard GC/MS equipment with an autosampler. A qualitative analysis of the collected VP has been performed for 3R4F cigarette smoked under 35/2/60 regimen, allowing the identification of 138 compounds, some present also in PP. A quantitative analysis for acrylonitrile and α-methacrylonitrile was also developed, and the level of these compounds in smoke from 15 different cigarette brands was measured. The results for acrylonitrile were in very good agreement with data reported in the literature for 2R4F and 1R5F cigarettes. The levels of α-methacrylonitrile were not previously reported.
